Abstract Homogeneous transparent conducting Sn:ZnO films on fused silica substrates were prepared by dip-coating from nanoparticle dispersions, while the nanocrystalline Sn:ZnO particles with different dopant concentrations were synthesized by microwave-assisted non-aqueous sol-gel process using Sn(IV) tert-butoxide and Zn(II) acetate as precursors and benzyl alcohol as solvent. The dopant concentration had a great impact on the electrical properties of the films. A minimum resistivity of 20.3 X cm was obtained for a porous Sn:ZnO film with initial Sn concentration of 7.5 mol% after annealing in air and post-annealing in N 2 at 600°C. The resistivity of this porous film could further be reduced to 2.6 and 0.6 X cm after densified in Sn:ZnO and Al:ZnO reaction solution, respectively. The average optical transmittance of a 400-nm-thick Sn:ZnO film densified with Sn:ZnO after the two annealing steps was 91%.
Introduction
Transparent conducting oxide (TCO) films show a high optical transmittance in the visible region as well as high electrical conductivity. This unique combination makes TCO films ideal for applications in many current and emerging optoelectronic devices, for example, gas sensors [1] [2] [3] , touch-panel displays [4] , liquid crystal displays (LCD) [5] , organic light-emitting diodes (OLED) [6] [7] [8] [9] [10] , smart windows [11] and solar cells [12] [13] [14] . TCOs such as Sn:In 2 O 3 (ITO) and Al:ZnO (AZO) are well established on an industrial scale. However, the price of indium is increasing due to the rapidly growing demand of ITO, and AZO, although much cheaper than ITO, has the disadvantage of being chemically rather instable, especially in humid environment [15] . The combination of metal ions in the oxidation state 2? and 3? with CO 2 and water tends to form hydrated hydroxy carbonate species [16] . Therefore, it is crucial to find dopants for ZnO with other oxidation states than 3? [17] .
Various methods for TCO film deposition have been reported in the literature, such as pulsed laser deposition (PLD) [18] , sputtering [19] , thermal evaporation [20] , spray pyrolysis [21] , sol-gel technique [17, 22, 23] , and chemical deposition [24] . Currently, most industrially applied techniques are physical deposition methods resulting in high quality films, however with the disadvantage that the technology is difficult to be optimized further. Moreover, they are expensive due to the high vacuum needed during the deposition of the films and the frequently required cleaning procedure of the deposition chambers. Hence, developing of low cost methods like the sol-gel technique, which have by far not yet reached the technological limit, attracts more and more interest in industry.
The conventional aqueous sol-gel process often leads to films with low crystallinity. Therefore, modified sol-gel processes for TCO films were studied in the past to improve the conductivity, for example, by preparing ITO films from preformed nanoparticle dispersions [25] . In this work, a film deposition process for Sn:ZnO films using a combination of the microwave-assisted nonaqueous sol-gel process [26, 27] with dip-coating was developed. First, Sn:ZnO nanoparticles were synthesized by the microwave method, and then films were dip-coated on substrates from nanoparticle dispersions. The main advantages of this process are: (1) phase-pure nanoparticles with high crystallinity and narrow particle size distributions can be obtained in just a few minutes, (2) the composition of the material can be well controlled, (3) multi-component films can be achieved easily, and (4) there is almost no waste of raw material. Previous studies in the Sn-Zn-O system for TCO films by sol-gel process were mainly focused on amorphous materials [17, 28] .
Experimental

Materials
Sn(IV) tert-butoxide C 99.99%, Zn(II) acetate C 99.9%, Al(III) isopropoxide C 99.99%, benzyl alcohol C 99.8%, cyclohexane C 99.8%, and oleylamine were purchased from Sigma-Aldrich, and oleic acid C 99.0% from Fluka. All chemicals were used as received.
Synthesis and dispersion
Sn:ZnO nanoparticles were synthesized using a microwave-assisted non-aqueous sol-gel method. In a glovebox with Ar atmosphere, Sn(IV) tert-butoxide was added to a 10 ml vessel according to the desired doping level (Sn/ (Sn ? Zn) from 0 to 20 mol%). Then, Zn(II) acetate was added to reach 1 mmol of precursors. The error of initial weighing was kept between ±0.2 mg. Afterwards 5 ml benzyl alcohol was added, and the vessel was sealed with a Teflon cap and taken out of the glovebox. The reaction mixture was heated by microwave irradiation (CEM Discover reactor operating at a frequency of 2.45 GHz) at 200°C for 3 min with high stirring. The precipitate was separated from the liquid phase by centrifugation. For characterization of nanoparticles, the precipitate was washed with ethanol and dried at 60°C; for dispersion and film preparation, the wet powder was collected without washing.
The dispersion was produced by adding the wet powder to a mixture of cyclohexane and a surfactant. The ratio of cyclohexane to surfactant was set to 100:1 (volume). Oleic acid and oleylamine were used as surfactants. The surfactant composition has been optimized for each doping level. The ratio of oleic acid to oleylamine was 0:5 for 0%, 2:3 for 2%, 1:1 for 5%, 3:2 for 7.5% and 10%, and 5:0 for 20% of Sn. For lower doping levels a higher content of oleylamine was better, whereas for higher dopant concentrations oleic acid alone worked best. The solid concentration of the dispersion was 43 ± 0.6 g/l.
Film preparation
A film was prepared on a fused silica substrate cleaned by ethanol using repeated dip-coating from the dispersion under ambient atmosphere. The down speed was set at 60 mm/min and withdrawal speed was 15 mm/min. After each dip the films were heat-treated in air at 300°C for 10 min in a preheated furnace. After depositing five to ten layers, the films were then annealed in air at 600°C for 2 h, followed by naturally cooling down to room temperature and then by annealing in nitrogen at 600°C for another 2 h. The ramping temperature was set to 3°C/min. To densify the films annealed in air only, they were immersed into the reaction solution, and the microwaveassisted reaction was repeated. In addition to Sn:ZnO, also Al: ZnO reaction solution was used to densify the film. The preparation of Al: ZnO reaction solution is similar to that of Sn:ZnO, only Al(III) isopropoxide (10 mol%) was used instead of Sn(IV) tert-butoxide. Afterwards, the so-densified films were annealed again at 600°C in air and N 2 .
Characterization
The powder X-ray diffraction (PXRD) patterns were measured in reflection mode and in h-2h geometry with Cu Ka radiation on a Philips diffractometer PW1800 equipped with a secondary monochromator. The high temperature XRD (HTXRD) patterns were measured in reflection mode and in h-2h geometry with Cu Ka radiation on a PANalytical X'Pert Pro equipped with a high temperature chamber (HTK 1200, Anton Paar). The Rietveld refinement was performed using the program TOPAS-Academic V4.1 [29] . The peak shape function used to fit the patterns is the modified Thompson-Cox-Hastings pseudo-Voigt function [30] . Peak asymmetry due to axial divergence was calculated by the model proposed by Finger et al. [31] . Linear absorption coefficient was used for adjusting the peak shape due to sample transparency. The preferred orientation correction was performed based on the March-Dollase model [32] . The Double-Voigt approach [33] was used to model the microstructure (size and strain) effects and calculate the volume-weighted domain size (D V ). The relationship between D V and the average radius D of particles is not linear, a simplified expression, D = 4/3D V , proposed by Balzar [34] can be used for a monodisperse spherical system. A potential source of error in reflection geometry (Bragg-Brentano geometry) is that of surface roughness [35] , therefore correction suggested by Pitschke et al. [36] was applied during the refinement.
The microstructure and thickness of the films were characterized using scanning electron microscopy (SEM, Carl Zeiss LEO 1530) equipped with a field emission gun operated at 5 kV. The surfaces of the films were sputtercoated with a platinum layer to reduce any charge effect. The final dopant concentration was analyzed by wavelength dispersive X-ray spectroscopy (WDX) at beam energy of 20 keV on a high resolution Hitachi SEM.
The UV-Vis reflection spectra of the powders were measured on a JASCO V-670 spectrophotometer with ILN-725 integrating sphere, while the transmission spectra of the films were measured with standard mode. The band gaps of the samples were determined from the reflectance of the powder, which has been proven to be a standard technique [37] [38] [39] .
The electrical properties of the films were measured at room temperature using Van der Pauw method on a Hall Effect measurement system (Ecopia HMS-3000) with a 0.55 Tesla magnet kit. The film was cut into a squared piece with a size of 10 9 10 mm and contacted to the measurement template with metallic indium.
Results and discussion
Structure properties
The influence of the dopant concentration on the structure, optical and electrical properties of the Sn:ZnO nanoparticles and films were investigated. The initial dopant concentration was varied in the range 0-20 mol%. The final dopant concentration was analyzed by WDX and Rietveld refinement. The results are summarized in Table 1 . Although the final dopant concentration increased with increasing initial concentration, the incorporation of the dopant is not quantitatively and the final concentration is significantly lower than the initial one. We assume that this discrepancy is partly due to the fact that a significant amount of Sn(IV) tert-butoxide remains unreacted in benzyl alcohol at such low synthesis temperature and is simply washed away during product separation. Figure 1 shows the PXRD patterns of Sn:ZnO nanoparticles with different dopant concentrations. All samples maintained the wurtzite hcp structure of ZnO without detectable impurities. The PXRD patterns exhibit an increase of the full width at half maximum (FWHM) of the diffraction peaks with increasing Sn concentration, pointing to a decrease of the crystallite size upon incorporation of the dopant and/or an increase of the microstrain. The observation that doping alters the crystal size can be explained by the fact that the surface energy is dependent on the dopant and its concentration [40] .
The average particle size and the lattice parameters were analyzed by the Rietveld method from X-ray data. All the results are summarized in Table 1 (0.74 Å for 4-coordinate) [41] , which means that the coordination number of Sn 4? in the crystal would be higher than 4 (0.69 Å for 4-coordinate, 0.83 Å for 6-coordinate, 0.95 Å for 8-coordinate) [41] .
To check the phase stability at elevated temperatures, HTXRD patterns were measured as well. The phase was stable up to 600°C for 4 h, but the crystallites grew from 18 to 40 nm. Therefore, the annealing process of the films was performed at 600°C to avoid any phase changes.
The surface morphology and the cross-sectional microstructure of Sn:ZnO films were analyzed by SEM. The description of the different films is summarized in Table 2 . As an example, Fig. 2 shows the SEM images of (Fig. 2a) SZO3F and (Fig. 2b) SZO3FA. The surface of the as-dipcoated film is homogeneous over a large area, and the thickness of the film can be tuned by varying the number of dipping times. After annealing, both the particles and the pores grew. To densify the porous film, a microwaveassisted reaction solution densification step was applied. Figure 3 shows the SEM images of SZO3FA film densified in the corresponding Sn:ZnO (SZO3F-D1) and Al:ZnO (SZO3F-D2) reaction solutions. The SZO3F-D1 film showed larger grains and was less dense than the SZO3F-D2 film. Because Sn:ZnO prefers to nucleate and grow on the surface of the particles and aggregates, this leads to large grains. On the other hand, the particle size of Sn:ZnO is relatively large (*18 nm) and therefore it is difficult for them to infiltrate the small pores. However, Al:ZnO prefers to form their own particles due to the lattice mismatch with respect to Sn:ZnO. Since the particle size of Al:ZnO is *9 nm, which is much smaller than that of Sn:ZnO, they can easily penetrate into the pores. Figure 4 illustrates these two densification mechanisms.
Electrical properties
The electrical resistivity, carrier concentration and Hall mobility of the Sn:ZnO films as a function of the initial dopant concentrations are plotted in Fig. 5 . The resistivity of the films decreased with increasing dopant concentrations up to 7.5% (SZO3), where the film resistivity reached a minimum of 20.3 X cm. This decrease in resistivity was a result of the increase of free carrier concentration and Hall mobility due to the donor electrons from the dopant. The resistivity of the films, however, increased with further increase of the dopant concentration, because the excess of Sn-doping decreased the carrier concentration and Hall mobility. Such a decrease of free carrier concentration is due to the excess of Sn-doping producing crystal disorders and defects which act as carrier traps rather than electron donors [42] . The Hall mobility of the films decreased as well with further increasing the dopant concentration. This decrease in mobility is associated with the decrease of the Sn:ZnO crystal size and thus increasing grain boundary scattering. The electrical properties improved significantly after the densification steps. Figure 6 shows the dependence of the electrical resistivity, carrier concentration and Hall mobility of the SZO3F film after two different densification steps. Both carrier concentration and Hall mobility increased after densification. As a result, the resistivity of SZO3F-D1 decreased from 20.3 to 2.6 X cm, and SZO3F-D2 to 0.6 X cm. It can be concluded that the microstructure (i.e., the density) of the films plays an important role in determining the electrical properties. The denser the film, the lower was its electrical resistivity. Figure 7a shows the UV-Vis reflection spectra of the Sn:ZnO powders with the different initial dopant concentrations. If the thickness of the powder sample, t, is sufficiently large so that all incident light is absorbed or scattered before reaching the back surface of the sample, then the relationship between reflectance and absorption coefficient can be described using the following equation [39, 43] :
Optical properties
where a is the absorption coefficient, R max and R min are the maximum and minimum reflectance in reflection spectra and R is the reflectance for any intermediate energy photons.
For the direct transition semiconductor, the optical band gap of the film, E g , can be determined from the absorption coefficient of the materials using the following equation [44] :
where A is a constant, h is the Planck's constant, and m is the frequency of the incident photon. Combining Eqs. 1 and 2, ln½ðR max À R min Þ=ðR À R min Þ f g 2 versus the energy is plotted in Fig. 7b . Extrapolation of the linear part of the absorption edge leads to the axis interception which corresponds to the band gap E g . The band gap of all Sn:ZnO samples (between 3.22 and 3.25 eV) are slightly smaller than that of pure ZnO (3.25 eV). Similar results were reported for other doped ZnO samples [45] [46] [47] . The lack of Burstein-Moss effect [48] in our samples indicates that the Fermi level did not move into the conduction band after doping. The only small band gap variation of the Sn:ZnO samples is probably due to the small variation of the dopant concentration and the crystal size. Figure 8 shows the optical transmittance spectra at room temperature for a 400-nm-thick SZO3 film densified with SZO3 reaction solution after different heat treatments. An average transmittance of 90% between 400 and 850 nm was obtained. The weak fluctuation in the spectrum is mainly due to interference between the top and bottom surface of the film. After annealing at 600°C for 2 h in air, the average transmittance slightly increased to 91% mainly due to the removal of residual organics on the surface of the particles. The red shift of the band gap could be explained by the growth of the crystal size (from 18 to 40 nm) due to the heat treatment. After post annealing in N 2 , the optical transmittance of the film remained nearly the same.
Conclusions
The microwave-assisted non-aqueous sol-gel process is an efficient method for the synthesis of Sn:ZnO nanoparticles and for the densification of porous thin films. Phase pure and highly crystalline Sn:ZnO nanoparticles were obtained, and homogeneous Sn:ZnO films were successfully prepared on fused silica substrates by dip-coating from the respective nanoparticle dispersions. Although the final dopant concentration was much lower than the initial one, it is possible to vary it within a range that greatly affects the electrical properties of the films. A minimum resistivity of 20.3 X cm was obtained for a porous, non-densified SZO3 film after post-annealing under N 2 . The resistivity of this film can be reduced to 0.6 X cm after densification with Al:ZnO nanoparticles. The average optical transmittance of a 400-nm-thick SZO3 film densified with SZO3 reaction solution after annealing in N 2 was 91%. It turned out that the heat treatment did not have any negative effect on the optical transmittance of the films. In addition, the combination of Sn:ZnO with Al:ZnO within the same film showed some improvement in the electrical properties in comparison with pure Sn:ZnO, suggesting that multicomponent films might represent promising candidates for new and improved TCOs. 
